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Introduction {#sec1}
============

Multiple system atrophy (MSA) is a fatal, multisystem, neurodegenerative disorder characterized by a variable combination of rapidly progressive autonomic failures, ataxia, and parkinsonism.

According to the most recent guidelines, autonomic failures featuring urogenital dysfunction, orthostatic hypotension, and respiratory disorder are premonitory symptoms and necessary for the diagnosis of MSA ([@bib14]). Retrospective data indicate that among autonomic failures, urological symptoms occur several years before the neurological symptoms in the majority of patients with MSA ([@bib2], [@bib18], [@bib35]). Urogenital dysfunction in patients with extrapyramidal symptoms is thought to help differentiate between Parkinson disease (PD) and MSA in early disease stages ([@bib42]). Consistently, neuropathological studies reveal that widespread pathological lesions of micturition reflex pathways, including the periaqueductal gray (PAG), Barrington nucleus (BN), intermediolateral columns (IML), Onuf nucleus of the spinal cord, and so on, are present in the central nervous system (CNS) of patients with MSA ([@bib38], [@bib40]). To date, urological deficits have been reported in the transgenic PLP-SYN mice as a transgenic mouse model of MSA ([@bib4]). However, few animal models of MSA have been established to display MSA-like urinary dysfunction and denervation-reinnervation of external anal sphincter (EAS) simultaneously.

It has been acknowledged that the cellular hallmark lesion of MSA is misfolded α-Syn accumulation within glial cytoplasmic inclusions along with neuronal inclusions (NIs) in the CNS ([@bib45]). Moreover, Watts et al. reported that brain homogenates from MSA cases induced widespread deposits of phosphorylated α-Syn (pα-Syn) in the brains of MSA-inoculated mice, and it suggested that α-Syn aggregates in the brains of MSA are transmissible but with distinct characteristics from PD ([@bib41], [@bib47]).

Here, we show that misfolded α-Syn exists in nerve terminals in detrusor (DET) and external urethral sphincter (EUS) of patients with MSA. To determine whether the misfolded α-Syn can induce α-Syn inclusion pathology along with autonomic failure and motor impairments by transmitting from the autonomic control of the lower urinary tract to the brain via micturition reflex pathways, we injected α-Syn preformed fibrils (PFFs) to the lower urinary tract of hemizygous TgM83^+/−^ mice, and then we observed the widespread pα-Syn pathology from the autonomic control of the lower urinary tract to the brain along the micturition reflex pathways along with urinary dysfunction and motor impairments. These data provide evidence that pathological α-Syn deposited in the lower urinary tract may have the potential to induce MSA.

Results {#sec2}
=======

Clinical Characteristics of Patients {#sec2.1}
------------------------------------

Forty-five patients were diagnosed as MSA, PD, or progressive supranuclear palsy (PSP) according to the consensus criteria ([@bib14], [@bib19], [@bib26]). Informed consent was obtained for each subject or their authorized surrogates on behalf of patients who lack decision-making ability. The clinical descriptions for each type of disease are summarized in [Table S1](#mmc1){ref-type="supplementary-material"}. Among 32 patients (12 males and 20 females) with MSA, 13 patients had MSA with predominant parkinsonism (MSA-P), whereas 19 patients had MSA with predominant cerebellar ataxia (MSA-C). The mean ± SD of patients\' ages for these two types of MSA at the time of being clinically diagnosed were 62.1 ± 7.1 years and 57.8 ± 6.6 years, respectively. The Unified Multiple System Atrophy Rating Scale (UMSARS) scores were utilized for the evaluation of patients\' urological function. The score values (mean ± SD) of MSA-P and MSA-C were 44.4 ± 25.7 and 26.7 ± 15.3, respectively. In addition, these patients all had autonomic symptoms, including urological dysfunction, orthostatic dysregulation, or chronic constipation ([@bib27], [@bib37], [@bib43]). Furthermore, the positive rates of urodynamic examination and perianal electromyography in MSA were 88.1% and 81.0%, respectively. Altogether, these data indicate that urological dysfunction is specific and common in patients with MSA.

Detection of Pathological α-Syn in Patients\' Samples {#sec2.2}
-----------------------------------------------------

We then investigated the deposits of misfolded α-Syn in the DET or EUS of patients with MSA ([Figure 1](#fig1){ref-type="fig"}J), using anti-α-Syn filament (MJFR14), anti-pα-Syn (Ser129P), and anti-aggregated-α-Syn (5G4) antibodies. Patients with MSA exhibited deposits of misfolded α-Syn in biopsy tissues ([Figures 1](#fig1){ref-type="fig"}A--1F, [S1](#mmc1){ref-type="supplementary-material"}E, and S1I and [Table S1](#mmc1){ref-type="supplementary-material"}). Moreover, we assessed the pathology of three sites of DET (left wall, right wall, and triangle region) by scoring the immunohistochemical pictures. For nine immunohistochemical slides (using the three antibodies to detect three sites of DET) of a patient, if more than three of five views in one slide showed α-Syn-positive staining under the microscope, one point for the slide was scored. The patients with a cumulative score (≥six points) of the whole nine slides were considered α-Syn-positive. Then, we quantified the scores of α-Syn-positive staining in MSA-P, MSA-C, PD, PSP, and normal subjects. Compared with subjects with PD or PSP or normal subjects, patients with MSA-P and MSA-C scored significantly higher (p \< 0.05) ([Figure 1](#fig1){ref-type="fig"}I). The scores of pathological α-Syn have no significant difference between MSA-P and MSA-C (p \> 0.05) ([Figure 1](#fig1){ref-type="fig"}I). Among the patients examined, one had a urinary incontinence for 6 years before presence of movement deficits, and we made diagnosis for him as MSA after 8 months of movement deficits. A large amount of pathological α-Syn was found in his DET and EUS. Most remarkably, no PD cases, PSP cases, or normal controls tested show pathological α-Syn in bladder ([Figures 1](#fig1){ref-type="fig"}G--1I, [S1](#mmc1){ref-type="supplementary-material"}F--S1H, and S1J--S1L). Taken together, these results show that pathological α-Syn exists in DET or EUS of the patients with MSA who were examined, whereas PD, PSP, and control subjects exhibit no detectable pathological α-Syn in their bladders.Figure 1Immunohistochemical Results of the Sample Tissues from Different Subjects(A--H) Representative images displayed misfolded α-Syn in DET of MSA-P (A and C--E) and MSA-C (B), and in EUS of MSA-P (F) stained with anti-α-Syn filament antibody (MJFR14), but not in PSP (G) and PD (H). (C--E) Representative images displayed the right wall of MSA-P (C), the left wall of MSA-P (D), and the triangle region of MSA-P (E).(I) Histogram shows the scores of pathological α-Syn deposits in DET of different groups for anti-α-Syn filament (MJFR14), anti-pα-Syn (Ser129P), and anti-aggregated-α-Syn (5G4) antibodies. MSA-P, n = 13; MSA-C, n = 19; PD, n = 7; PSP, n = 6; NC, n = 20.(J) Schematic displaying the anatomy of the lower urinary tract and sampling positions (DET and EUS).Data are the means ± SD. Statistical significance was analyzed employing the one-way ANOVA. ∗p \< 0.05. Scale bar, 400 μm in (A and B); 100 μm in (C--H).

Identification of the Micturition Reflex Pathways Controlling EUS or DET Using Fluoro-Gold {#sec2.3}
------------------------------------------------------------------------------------------

After we found that misfolded α-Syn proteins exist in the DET and EUS of the detected patients, we then used fluoro-gold (FG) injection to trace the micturition reflex pathways controlling EUS or DET in mice. FG was injected into both sides of EUS or DET in TgM83^+/−^ and C57BL/6 mice; the sections from different parts of nervous system were detected at 14-day post-injection. FG-labeled neurons were detected in pelvic ganglia, spinal cord, pons, and midbrain bilaterally in both mouse models ([Figure S2](#mmc1){ref-type="supplementary-material"}). In spinal cord, we found that FG-labeled neurons also existed at the T2 level, which has not been previously reported. At the T2 level, the FG-labeled neurons mostly appeared in the ventral horn and IML, which are closely associated with motor and autonomic functions. Among other levels of spinal cord, FG-labeled neurons gathered in the EUS motoneurons of lamina IX (ExU9) and sacral parasympathetic nucleus (SPSy) at S1 level; EAS motoneurons of lamina IX (ExA9), ExU9, gluteal motoneurons of lamina IX (Gl9), lamina VII of the spinal gray (7Sp), and lateral spinal nucleus (LSp) at L6 level; as well as psoas motoneurons of lamina IX (Ps9), quadriceps motoneurons of lamina IX (Q9), intercalated nucleus (ICL), IML, and lumbar dorsal commissural nucleus (LDCom) at L2 level. In brain, FG-labeled neurons appeared in BN, PAG, and locus coeruleus (LC), and these nuclei have been reported to participate in micturition reflex pathways ([@bib12]). In addition, FG-labeled neurons were found to be in parvocellular reticular nucleus alpha, mesencephalic trigeminal nucleus, and red nucleus (RN), which are involved in the general locomotion, postural control, and modulation of certain sensory and autonomic functions. Taken together, these results suggest that the micturition reflex pathways controlling EUS and DET are connected not only with the autonomic nervous system but also with the central motor pathways.

Spreading of Phosphorylated α-Syn from the Lower Urinary Tract to the Brain in TgM83^+/−^ Mice via Micturition Reflex Pathways {#sec2.4}
------------------------------------------------------------------------------------------------------------------------------

To demonstrate whether spreading of misfolded α-Syn via the same pathways induces the MSA-like neuropathology, we next injected α-Syn PFFs to EUS or DET in TgM83^+/−^ mice and evaluated pα-Syn in different sections at different time points.

Immunohistochemical results show that pα-Syn, stained with the anti-pα-Syn antibody, was detected at 5 months post-injection (mpi) in both EUS- and DET-α-Syn PFFs TgM83^+/−^ mice ([Figures 2](#fig2){ref-type="fig"}A--2I, 2S). In contrast, pα-Syn has not been detected in EUS-phosphate buffer saline (PBS) ([Figures 2](#fig2){ref-type="fig"}J--2S), DET-PBS TgM83^+/−^, and C57BL/6 mice post-injection. In EUS-α-Syn PFFs TgM83^+/−^ mice, small numbers of pα-Syn were detected in EUS and pelvic ganglia ([Figures 2](#fig2){ref-type="fig"}A and 2B). Furthermore, pα-Syn was detected at the S1, L6, L2, and T2 levels of spinal cord, and they mostly existed in laminae V-VII and IX of these levels ([Figures 2](#fig2){ref-type="fig"}C--2F). In brain, pα-Syn existed in pons and midbrain ([Figures 2](#fig2){ref-type="fig"}H and 2I). These observations are consistent with the results of the above-mentioned FG study. In addition, using immunohistochemical approach, pα-Syn was also found in the cerebellar nuclei ([Figure 2](#fig2){ref-type="fig"}G). The diseased EUS-α-Syn PFFs TgM83^+/−^ mice showed a distinct loss of calbindin-D28k and microtubule-associated protein-2 (MAP-2) ([Figures 3](#fig3){ref-type="fig"}A--3D). The number and optical density of neurons of EUS-α-Syn PFFs TgM83^+/−^ mice are significantly less than PBS control groups (p \< 0.05) ([Figures 3](#fig3){ref-type="fig"}A3--3D3). The neuropathological findings in DET-α-Syn PFFs TgM83^+/−^ mice were similar to those in EUS-α-Syn PFFs TgM83^+/−^ mice. In conclusion, transmission of pathological α-Syn in these mice invades not only the autonomic nervous system associated with urinary function but also the extrapyramidal system via the micturition reflex pathways, and these findings are consistent with MSA pathology found in patient autopsy ([@bib8], [@bib38], [@bib40], [@bib48]). Thus, these findings suggest that pathological α-Syn spreads from the autonomic innervation of the lower urinary tract to extrapyramidal system via the micturition reflex pathways, leading to widespread α-Syn pathology.Figure 2Representative Immunohistochemical Results of Different Segments from EUS-α-Syn PFFs and PBS TgM83^+/−^ Mice at 6 mpi(A--R) Pathological α-Syn was stained with anti-phospho-α-Syn (Ser 129) antibody for EUS-α-Syn PFFs TgM83^+/−^ mice (A--I) and EUS-PBS TgM83^+/−^ mice (J--R). Representative images displayed the distribution of pα-Syn in EUS (A1, J), pelvic ganglia (B1, K), S1 (C1, L), L6 (D1, M), L2 (E1, N), T2 (F1, O), cerebellum (G1, P), pons (H1, Q), and midbrain (I1, R). (A2--I2, C3--I3, H4) Higher-magnification views relative to the main image.(S) Quantification of pα-Syn immunoreactivity of different segments from EUS-α-Syn PFFs and EUS-PBS TgM83^+/−^ mice at 6 mpi. EUS-α-Syn PFFs TgM83^+/−^ mice, n = 20; EUS-PBS TgM83^+/−^ mice, n = 10.Data are the means ± SD. Statistics were analyzed employing the Student\'s t test and Mann-Whitney test. ∗p \< 0.05 indicates a significant difference between α-Syn PFFs groups and PBS groups. Scale bars, 500 μm in (A1, G1, H2, P); 250 μm in (C1--F1, L--O); 100 μm in (A2, B1); 50 μm in (B2, G2, I2, G3--I3, H4); 40 μm in (J, K); 25 μm in (C2--F2, C3--F3); 1 mm (H1, I1, Q, R).\] DLPAG, dorsolateral periaqueductal gray; DMPAG, dorsomedial periaqueductal gray; DpG, deep gray layer of the superior colliculus; DpMe, deep mesencephalic nucleus; DpWh, deep white layer of the superior colliculus; EW, Edinger-Westphal nucleus; GiA, gigantocellular reticular nucleus; IntA, interposed cerebellar nucleus, anterior part; IPC, interpeduncular nucleus, caudal subnucleus; IPL, internal plexiform layer of the olfactory bulb; IPR, interpeduncular nucleus, rostral subnucleus; IRt, intermediate reticular nucleus; Lat, lateral (dentate) cerebellar nucleus; LDTg, tegmental nucleus; LPAG, lateral periaqueductal gray; LVe, lateral vestibular nucleus; Med, medial (fastigial) cerebellar nucleus; MVePC, medial vestibular nucleus; parvocellular part; MVe, medial vestibular nucleus; PnC, pontine reticular nucleus, caudal part; Pr5DM, principal sensory trigeminal nucleus, dorsomedial part; Pr5VL, principal sensory trigeminal nucleus, ventrolateral part; RLi, rostral linear nucleus of the raphe; RMg, raphe magnus nucleus; SuVe, superior vestibular nucleus.Figure 3Immunostaining and Western Blot Analyses of Different Segments from Diseased EUS-α-Syn PFFs TgM83^+/−^ Mice and Age-Matched EUS-PBS TgM83^+/−^ Mice(A--D) Immunohistochemical results from EUS-PBS TgM83^+/−^ mice (A1--D1) and diseased EUS-α-Syn PFFs TgM83^+/−^ mice (A2-D2) for calbindin-D28k in the periaqueductal gray (A) and Barrington nucleus (B) and MAP-2 in the intermediolateral columns of L2 (C) and pelvic ganglia (D). (A3--D3) Quantification of the number (A3, B3) and optical density (C3, D3) of neurons shown in (A1--D1 and A2--D2).(E--H) Double immunofluorescence analysis of the L2 level of the spinal cord (E), substantia nigra (F), and pons (G, H) from EUS-PBS TgM83^+/−^ mice (F1--H1) and diseased EUS-α-Syn PFFs TgM83^+/−^ mice (E, F2--H2) for pα-Syn (red, E, H) with ubiquitin (Ub) (green, E1), Iba-1 (green, E2), and glial fibrillary acidic protein (GFAP) (green, H); Ub (red, F) with tyrosine hydroxylase (TH) (green, F); and neurofilament (red, G) with MBP (green, G). (E3, F3) Quantification of colocalization of Ub with pα-Syn (E3) and TH (F3) shown in (E1, F1, F2). (G3, H3) Quantification of optical density of MBP (G3) and GFAP (H3) shown in (G1, G2, H1, H2). Co-immunolabeling is represented by signal in yellow. Cell nuclei were counterstained with Hoechst 33258 (blue). EUS-α-Syn PFFs TgM83^+/−^ mice, n = 20; EUS-PBS TgM83^+/−^, mice n = 10. Scale bars: 200 μm in (F1, F2), 50 μm in (A1--D1, A2--D2), and 40 μm in (E1, E2, G1, G2, H1, H2).(I--N) Representative immunoblots (I, K, M) and quantification (J, L, N) of pα-Syn in the sarkosyl-soluble and insoluble fractions of spinal cord (I, J), pons (K, L), and PAG (M, N). Blots were probed for GAPDH as a loading control (bottom). Molecular weight markers of migrated protein standards are expressed in kDa. n = 3 animals per group.Data are the means ± SD. Statistical significance was analyzed by using the Student\'s t test and Mann-Whitney test, ∗∗∗∗p \< 0.0001, ∗∗p \< 0.01, ∗p \< 0.05; n.s., non-significant.

To further characterize the nature of α-Syn-positive deposits in diseased EUS- or DET-α-Syn PFFs TgM83^+/−^ mice and the distribution of pathological α-Syn in various cells, double immunofluorescence staining was then employed. First, the result revealed the ubiquitin-positive pα-Syn deposits in spinal cord of diseased EUS- or DET-α-Syn PFFs TgM83^+/−^ mice ([Figures 3](#fig3){ref-type="fig"}E1 and 3E3). Then, we observed the distribution of pα-Syn and Iba-1 (microglia marker) in spinal cord ([Figure 3](#fig3){ref-type="fig"}E2), which indicates that microglia are recruited around neurons containing pα-Syn. In addition, the diseased EUS-α-Syn PFFs TgM83^+/−^ mice showed a distinct loss of myelin basic protein and increase of glial fibrillary acidic protein (p \< 0.05) ([Figures 3](#fig3){ref-type="fig"}G and 3H). No pα-Syn was detected in substantia nigra pars compacta (SNc). We noticed high level of ubiquitin protein in tyrosine hydroxylase-positive dopamine neurons in SNc of both EUS- or DET-α-Syn PFFs TgM83^+/−^ mice and PBS control groups ([Figure 3](#fig3){ref-type="fig"}F). Taken together, these results suggest that the injection of α-Syn PFFs into EUS or DET of TgM83^+/−^ mice initiates pathological α-Syn transmission through micturition reflex pathways, which could be associated with neuronal loss, microglia recruitment, demyelination, and astrogliosis.

An immunoblot of spinal cord, pons, and PAG homogenate probed with pα-Syn (Ser129P) antibody was conducted to confirm that injection of α-Syn PFFs into EUS or DET of TgM83^+/−^ mice initiates MSA-like neuropathology. In the radio immunoprecipitation assay (RIPA) buffer-insoluble and sarkosyl-insoluble fractions, immunoblots of pα-Syn reveal that bands around 15 kDa were detected in all examined diseased EUS-α-Syn TgM83^+/−^ mice, whereas they were faintly detected in EUS-PBS TgM83^+/−^ mice ([Figures 3](#fig3){ref-type="fig"}I--3N). Statistical analysis shows that pα-Syn is significantly increased in diseased EUS-α-Syn TgM83^+/−^ mice ([Figures 3](#fig3){ref-type="fig"}J, 3L, and 3N). These data support that the injection of α-Syn PFFs into EUS or DET can induce the spreading of pathological α-Syn in CNS.

Early-Onset Denervation-Reinnervation of EAS in EUS- or DET-α-Syn PFFs TgM83^+/−^ {#sec2.5}
---------------------------------------------------------------------------------

Twenty age-matched healthy TgM83^*+/−*^ and C57BL/6 male mice were used respectively; no abnormal EAS electromyography (EMG) in these mice was detected. Based on the EMGs of the previous literature ([@bib9], [@bib30], [@bib36]), abnormal EAS EMG would be defined if the EMG findings satisfied any one of the following six conditions: (1) fibrillation potentials, (2) positive sharp waves, (3) complex repetitive discharge, (4) fasciculation potentials, (5) myokymic discharges, and (6) satellite potential.

EUS- and DET-α-Syn PFFs TgM83^+/−^ mice show abnormal EAS EMGs at 2 mpi (p \< 0.05), whereas no abnormality of EAS EMG was detected in PBS groups. Representative abnormal and normal EAS EMGs are shown in [Figures 4](#fig4){ref-type="fig"}A--4F, respectively. The mean frequency of abnormal EAS EMGs in EUS-α-Syn PFFs TgM83^+/−^ mice was 42.50%, 82.50%, and 89.00% at 2, 4, and 6 mpi, respectively, versus 41.11%, 83.89%, and 90.56% in DET-α-Syn PFFs TgM83^+/−^ mice, respectively ([Figure 4](#fig4){ref-type="fig"}G). The frequency of positive sharp waves for α-Syn PFFs-injected TgM83^+/−^ mice started to be significantly higher than that of PBS-injected TgM83^+/−^ mice and normal control at 2 mpi ([Figure 4](#fig4){ref-type="fig"}H). In C57BL/6 mice, the data show no significant difference between EUS- or DET-α-Syn PFFs groups and PBS groups ([Figures 4](#fig4){ref-type="fig"}I and 4J). The results suggest that the frequency of abnormal EAS EMGs increases along with the progression of neural lesions caused by α-Syn PFFs. We also injected α-Syn PFFs into the intestine wall of stomach and duodenum of TgM83^+/−^ mice. However, the TgM83^+/−^ mice with intestine-α-Syn PFFs did not develop abnormal EAS EMG, whereas TgM83^+/−^ mice did. Taken together, the denervation-reinnervation of EAS occurs in the early stage of neuropathological process in a time-dependent manner and may be caused by spreading of α-Syn PFFs from the lower urinary tract through micturition reflex pathways.Figure 4EAS EMG Analysis of TgM83^+/−^ Mice and C57BL/6 Mice(A--E) Representative abnormal EAS EMGs from diseased EUS- or DET-α-Syn PFFs TgM83^+/−^ mice. Abnormal EAS EMGs show as fibrillation potential (A), positive sharp waves (B), complex repetitive discharge (C), satellite potential (D), and myokymic discharges (E).(F) Representative normal EAS EMG referring to resting potential from EUS-PBS TgM83^+/−^ mice at 5 mpi.(G--J) Frequencies of abnormal EAS EMGs (G, I) and positive sharp waves (H, J) in different groups of TgM83^+/−^ mice (G, H) and C57BL/6 mice (I and J). DET-α-Syn PFFs mice, n = 18; EUS-α-Syn PFFs mice, n = 20; DET-PBS mice, n = 16; EUS-PBS mice, n = 18; normal control, n = 20.Data are the means ± SEM. Statistics was analyzed employing the one-way ANOVA. ∗p \< 0.05 relative to the corresponding PBS groups and normal control groups.

Urinary Dysfunction in EUS- or DET-α-Syn PFFs TgM83^+/−^ Mice {#sec2.6}
-------------------------------------------------------------

The urodynamic baseline is determined by cystometry results of 2-month-old male TgM83^+/−^ and C57BL/6 mice before treatments. Urinary dysfunction was observed in EUS- and DET-α-Syn PFFs TgM83^+/−^ mice between 3 and 4 mpi and persisted to the last stage examined. At 4 mpi, both EUS- and DET-α-Syn PFFs TgM83^+/−^ mice exhibited a significant increase in amplitude, postvoid residual volume (PVR), and nonvoiding contractions (NVCs) during the filling phase compared with PBS groups (p \< 0.05). Meanwhile, voided volume (VV) and intercontraction interval (ICI) in EUS- or DET-α-Syn PFFs TgM83^+/−^ mice were found less and shorter, respectively ([Figure 5](#fig5){ref-type="fig"}). The body mass of EUS- or DET-α-Syn PFFs TgM83^+/−^ mice was mostly lighter than that of EUS- or DET-PBS TgM83^+/−^ mice; however, the bladder of EUS- or DET-α-Syn PFFs TgM83^+/−^ mice exhibited overtly greater size compared with EUS- or DET-PBS mice ([Figure S3](#mmc1){ref-type="supplementary-material"}D), which was probably due to progressive urothelium and DET hyperplasia in α-Syn PFFs TgM83^+/−^ mice. By 14 mpi, EUS- or DET-α-Syn PFFs C57BL/6 mice did not show any urinary dysfunction. The intestine-α-Syn PFFs TgM83^+/−^ mice did not show any urinary dysfunction at 3.5 mpi even when EUS- and DET-α-Syn PFFs TgM83^+/−^ mice did already. All aforementioned results suggest that urodynamic assessment in EUS- or DET-α-Syn PFFs TgM83^+/−^ mice was characterized by an overactive, less-stable, and inefficient bladder. In addition, α-Syn PFFs injection into EUS or DET of TgM83^+/−^ mice caused potential dyssynergia between DET and EUS, leading to hyperactive bladder and DET hyperreflexia ([@bib4], [@bib15]), which resembles urinary dysfunction in patients with MSA. Thus, we developed an animal model to replicate MSA-like urinary disorders and abnormal EAS EMGs, which has not been previously reported.Figure 5Urinary Function Analysis of TgM83^+/−^ Mice(A--E) Representative cystometry traces in DET-α-Syn PFFs (A), DET-PBS (B), EUS-α-Syn PFFs (C), and EUS-PBS (D) TgM83^+/−^ mice at 5 mpi and baseline group (E). Arrowheads indicate void events and asterisks indicate NVCs.(F--J) Summary bar graphs from urodynamic evaluation for EUS and DET TgM83^+/−^ mice including amplitude (F), \#NVCs/cycle (G), PVR (H), VV (I), and ICI (J). EUS-α-Syn PFFs TgM83^+/−^ mice, n = 18; DET-α-Syn PFFs TgM83^+/−^ mice, n = 16; EUS-PBS TgM83^+/−^ mice, n = 22; DET-PBS TgM83^+/−^, mice n = 20.Data are the means ± SD. Statistics was analyzed employing the Student\'s t test and Mann-Whitney test. ∗p \< 0.05 indicates a significant difference between EUS- or DET-α-Syn PFFs groups and EUS- or DET-PBS groups.

Motor Impairments in EUS- or DET-α-Syn PFFs TgM83^+/−^ Mice {#sec2.7}
-----------------------------------------------------------

Both EUS- and DET-α-Syn PFFs TgM83^+/−^ mice began to exhibit motor impairments from 5 mpi. Most diseased mice presented an arched back initially and then progressed with weight loss, ataxia, paralysis, and a moribund state requiring euthanasia within 3 weeks ([Figure S4](#mmc1){ref-type="supplementary-material"}A). Compared with DET-α-Syn PFFs TgM83^+/−^ mice, the behavioral deficiency was more obvious in EUS-α-Syn PFFs TgM83^+/−^ mice. At 5 mpi, α-Syn PFFs TgM83^+/−^ mice showed significantly increased motor behavioral scale (MBS) score compared with EUS- or DET-PBS TgM83^+/−^ mice, which is considered as a semi-quantitative assessment for MBS rating ([Figure S4](#mmc1){ref-type="supplementary-material"}B). The rotarod test was carried out to assess coordination capability. The performance on the rotating rod was significantly impaired in EUS- and DET-α-Syn PFFs TgM83^+/−^ mice compared with PBS controls, as their latency to fall was markedly reduced ([Figure S4](#mmc1){ref-type="supplementary-material"}C). In an open field test, EUS- and DET-α-Syn PFFs TgM83^+/−^ mice showed significantly reduced spontaneous activities when compared with PBS-injected mice ([Figures S4](#mmc1){ref-type="supplementary-material"}J and S4K). Footprint analysis indicates that EUS- and DET-α-Syn PFFs TgM83^+/−^ mice have shorter stride length and wider base width compared with PBS-injected mice ([Figures S4](#mmc1){ref-type="supplementary-material"}D and S4E). Moreover, EUS- and DET-α-Syn PFFs TgM83^+/−^ mice also showed significant motor dysfunction in the beam walking test ([Figures S4](#mmc1){ref-type="supplementary-material"}F and S4G) and pole test ([Figures S4](#mmc1){ref-type="supplementary-material"}H and S4I). EUS- or DET-PBS TgM83^+/−^ mice did not show any phenotype until they were 22 months old, consistent with our spontaneously sick TgM83^+/−^ mice in timeline. As the previous study reported, spontaneously sick TgM83^+/−^ mice develop series of phenotypes between 22 and 28 months of age ([@bib13]). Nevertheless, EUS- and DET-α-Syn PFFs C57BL/6 mice failed to exhibit behavioral abnormalities up to 420 days post-injection ([Figure S5](#mmc1){ref-type="supplementary-material"}).

Taken together, EUS- and DET-α-Syn PFFs TgM83^+/−^ mice developed distinct motor signs including weight loss, bradykinesia, ataxia, and paralysis at 5 mpi. We conclude that injection with α-Syn PFFs into EUS or DET in TgM83^+/−^ mice initiates MSA-like motor deficits.

Discussion {#sec3}
==========

In MSA, autonomic dysfunctions, especially urinary dysfunction ([@bib21]), are premonitory and prominent, which are different from the other main synucleinopathies, e.g., PD. A recent review suggests that peripheral microbial infections could be potential triggers of α-synucleinopathies ([@bib39]). When the physiological integrity of the urinary tract is breached, the urinary tract can be at a heightened risk or even have recurrent episodes of microbial infections ([@bib16]). Based on our long-term observations of clinical subjects with these diseases, we reckoned that pathological α-Syn might exist in the lower urinary tract at the early stage of MSA instead of the gut as shown in PD ([@bib17], [@bib20]). To test this hypothesis, we first performed bladder biopsy in participants. The findings show that pα-Syn pathology indeed exists in DET or EUS in the included patients with MSA. The subsequent results from immunohistochemistry studies in experimental mice show that α-Syn aggregates invade the micturition reflex pathways. In addition, we found widely positive staining of pα-Syn in ventral white matter of spinal cord, possibly due to nerve tracts from brain and comprehensively longitudinal connections by synapses of numerous nerve fibers. Moreover, we detected overt pα-Syn in cerebellar nucleus, which indicates that α-Syn aggregates transmit to cerebellum via rubro-cerebello-rubrospinal circuit ([@bib23]). α-Syn pathology in EUS- or DET-α-Syn PFFs C57BL/6 mice was not detected at 14 mpi. The results of double immunofluorescence analysis further demonstrate the pathological lesions in the CNS of the two mouse models. There was apparent demyelination in the CNS of EUS-α-Syn PFFs TgM83^+/−^ mice, which is a major pathological feature of MSA ([@bib10], [@bib44]). The immunostaining results validate the hypothesis that pathological α-Syn transmits initially from urogenital autonomic nerves to extrapyramidal system, inducing pα-Syn pathology. EAS EMG has been previously proposed as a diagnostic method for MSA ([@bib24]). Abnormalities of EAS EMG in MSA indicate the denervation-reinnervation of EAS caused by neuronal loss of Onuf nucleus in the anterior horn of the spinal cord ([@bib24], [@bib25]). In this study, we conducted EAS EMG in mouse models to assess denervation-reinnervation of EAS. Remarkably, abnormal EAS EMGs emerged at 2 mpi in EUS- or DET-α-Syn PFFs TgM83^+/−^ mice. Furthermore, the mean frequency reached around 90% in EUS- or DET-α-Syn PFFs TgM83^+/−^ mice at 6 mpi, whereas no abnormality was detected in PBS-injected TgM83^+/−^ mice. We demonstrate that EMG experimental results in the mouse models are similar to EAS EMG feature of patients with MSA preceding urinary dysfunction and movement disorders. Previous studies ([@bib46]) presented a view that selective neuronal loss of Onuf nucleus, which innervates EAS, results in abnormal EAS EMGs in patients with MSA. We found that pα-Syn aggregates are present in Onuf nucleus in both EUS- and DET-α-Syn PFFs TgM83^+/−^ mice.

In this study, we implemented urodynamic assessment in different time points to evaluate urinary function in experimental mice. Consequently, EUS- or DET-α-Syn PFFs TgM83^+/−^ mice exhibited urodynamic changes after 3 mpi, before motor impairments, versus no changes in PBS groups. Here, we identified that urinary dysfunction, characterized by urinary bladder hyperreflexia of α-Syn PFFs TgM83^+/−^ mice, replicates the altered bladder function in patients with MSA including urinary incontinence, frequency, urgency, and retention ([@bib11], [@bib32]). Previous study ([@bib25]) showed that the spontaneous TgM83^+/−^ mice developed urinary bladder dysfunction before motor dysfunction due to A53T mutant α-Syn. In our study, EUS- or DET-α-Syn PFFs TgM83^+/−^ mice started to perform urinary dysfunction at 3.5 mpi, whereas EUS- or DET-PBS and non-inoculated TgM83^+/−^ mice did not show any urinary dysfunction until they were 22 months old. The occurrence of urinary dysfunction in EUS- or DET-α-Syn PFFs TgM83^+/−^ mice is earlier than that in PBS control groups and non-inoculated TgM83^+/−^ mice. In our α-Syn PFFs TgM83^+/−^ mice, the micturition reflex pathways, including EUS and DET, pelvic ganglia, Onuf nucleus, IML, PAG, BN, and LC, exhibited pα-Syn pathology, revealing pathological mechanisms of the urinary dysfunction. However, we did not observe appreciable levels of misfolded α-Syn deposition in oligodendrocytes within the TgM83^+/−^ mice. This may be related to the transgenic background of TgM83^+/−^ mice we used. As previous study reported, α-Syn in TgM83 mice is expressed under the control of the prion promoter ([@bib13]). Thus, the pathology in TgM83 mice remains essentially neuronal. This observation could be also explained by misfolded α-Syn originating from different parts of peripheral nervous system (PNS) to CNS via neuronal projections transsynaptically. In spontaneously ill TgM83^+/−^ mice, α-Syn aggregates have not been detected in ExU9, ICL, ExA9, Gl9, sacral dorsal commissural nucleus, IML, LDCom, BN, and PAG, which is different from the diseased EUS-α-Syn PFFs TgM83^+/−^ mice. As these spared areas are involved in controlling the urinary bladder ([@bib12]), these data support that the preceding autonomic dysfunction of EUS- or DET-α-Syn PFFs TgM83^+/−^ mice results from exogenously injected α-Syn PFFs instead of A53T mutant α-Syn. Besides, we injected synthetic mouse α-Syn PFFs into the EUS of C57BL/6 mice. By 6 mpi, the EUS-α-Syn PFFs C57BL/6 mice exhibited sparse pathological pα-Syn deposits at the S1, L6, L2, and T2 levels of spinal cord, and in pons and midbrain of brain ([Figure S6](#mmc1){ref-type="supplementary-material"}). Moreover, they showed abnormal EAS EMG by 4 mpi and urinary dysfunction by 6 mpi ([Figure S6](#mmc1){ref-type="supplementary-material"}). Together, our results suggest that misfolded α-Syn spreading through the micturition reflex pathways retrogradely may lead to urinary dysfunction.

Previous studies indicate that pathological α-Syn spreads from PNS to CNS through retrograde axonal transport, in a stereotypical and topographical pattern ([@bib3], [@bib6], [@bib17], [@bib28]). Experimental studies suggest that PD pathology may originate in the vagal nerves from the gut and gradually propagate to the brain ([@bib17], [@bib20]). These findings support the hypothesis that different synucleinopathies may originate from different part of the PNS and gradually propagate to the CNS. Hence, we speculate that pathological α-Syn originating from the autonomic innervation of the lower urinary tract has the potential to propagate to CNS and induce MSA. Besides that, different strains of α-Syn could account for differences between α-synucleinopathies according to previous studies ([@bib29]). Bousset et al. found that α-Syn PFFs have higher toxicity and more seeding and propagation properties compared with α-Syn ribbons ([@bib5]). Our data demonstrate that misfolded α-Syn PFFs can induce α-Syn pathology along with autonomic failure and motor impairments by transmitting from the autonomic control of the lower urinary tract to the brain via micturition reflex pathways.

As previously reported by others, peripheral injection of α-Syn PFFs into multiple sites could promote the development of α-Syn pathology in the CNS of TgM83^+/−^ mice ([@bib1], [@bib7], [@bib17], [@bib22], [@bib28], [@bib33], [@bib34], [@bib41], [@bib44]). We injected α-Syn PFFs into the striatum of TgM83^+/−^ mice in initial studies. The results show that the lower urinary tract pathology cannot be obtained at the sixth month after intracerebral α-Syn PFFs injection. We also injected α-Syn PFFs into the intestine wall of stomach and duodenum of TgM83^+/−^ mice. However, the intestine-α-Syn PFFs TgM83^+/−^ mice did not develop abnormal EAS EMG and urinary dysfunction at 5 mpi when they had α-Syn pathology in the CNS and motor impairments already. Thus, α-Syn injection into intestine wall alone could not induce the denervation-reinnervation of EAS and urinary dysfunction before motor impairments in TgM83^+/−^ mice. Again, this further indicates that α-Syn of PD and MSA may start in different places.

Here we further show that injection with α-Syn PFFs into EUS or DET induces a rapid progression of motor dysfunctions. Our study shows that injection with α-Syn PFFs into EUS or DET in TgM83^+/−^ mice causes not only seeding of α-Syn aggregation in the CNS but also rapid progressive motor dysfunctions evaluated using a spectrum of behavioral tests. From our findings, the occurrence of motor impairments in our EUS- or DET-α-Syn PFFs TgM83^+/−^ mice was much earlier than spontaneously ill TgM83^+/−^ mice ([@bib13]). According to previous studies ([@bib7], [@bib17], [@bib31], [@bib33], [@bib34]), the animal models of synucleinopathy induced by exogenous inoculation involve different inocula and inoculation positions, developing variable α-Syn pathology and motor impairments without autonomic dysfunction. Furthermore, pathology of α-Syn inclusions observed in motor neuron of ventral horn, cerebellum, and RN in α-Syn PFFs TgM83^+/−^ mice provides neuropathological evidence for the motor impairments.

In summary, we observe that pathological α-Syn exists in nerve terminals in DET and EUS of patients with MSA, which has not been recognized before. Also, this study suggests one possible pathogenic mechanism of MSA, which is the spreading of α-Syn pathology from the autonomic control of the lower urinary tract to the brain. Finally, our data support the view that pathological α-Syn may originate from different parts of PNS among different disorders of synucleinopathies. However, the full mechanisms of MSA warrant further explanation as other possibilities exist at the same time.

Limitations of the Study {#sec3.1}
------------------------

MSA is a sporadic disease rather than a genetic disease; the conclusions accordingly are constrained by the transgenic mice used for the research, and further investigation on wild-type mice might provide more evidence. In addition, the essentially neuronal pathology and the absence of oligodendroglial inclusion in TgM83^+/−^ mice may provide an imperfect model for MSA.
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